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a  b  s  t  r  a  c  t
Few  studies  employing  event-related  potentials  (ERPs)  to examine  infant  percep-
tion/cognition  have  systematically  characterized  age-related  changes  over  the ﬁrst  few
years of  life.  Establishing  a ‘normative’  template  of  development  is  important  in  its  own
right,  and  doing  so may  also  better  highlight  points  of  divergence  for  high-risk  populations
of  infants,  such  as  those  at elevated  genetic  risk  for autism  spectrum  disorder  (ASD).  The
present  investigation  explores  the  developmental  progression  of the  P1,  N290,  P400  and
Nc components  for  a large  sample  of young  children  between  6  and 36  months  of  age,
addressing  age-related  changes  in amplitude,  sensitivity  to familiar  and  unfamiliar  stimuli
and hemispheric  lateralization.  Two  samples  of infants  are  included:  those  at low-  andRP
vent-related potentials
nfancy
high-risk  for  ASD.  The  four  components  of interest  show  differential  patterns  of change
over  time  and  hemispheric  lateralization;  however,  infants  at low-  and  high-risk  for  ASD
do not  show  signiﬁcant  differences  in  patterns  of neural  response  to faces.  These  results
will  provide  a useful  point  of  reference  for future  developmental  cognitive  neuroscience
research  targeting  both  typical  development  and  vulnerable  populations.
The  Au©  2013  
. Introduction
The recording of the brain’s electrical activity via the
vent-related potential (ERP) provides a window into
nfant  perception and processing when other avenues of
vert  measurement are not yet available because of limited
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motor, communication and cognitive abilities. Infant and
toddler  studies using ERP often focus on a similar set
of dependent and independent variables in order to
answer questions about early perception and cognition. In
exploring  each component, analyses are often completed
separately in order to address different aspects of the ERP
response: amplitude (strength), latency (speed) and scalp
topography (putative generators). Amplitude is thought to
reﬂect  the degree of synchronous ﬁring of cortical pyrami-
dal  cells in response to a stimulus. Latency, which requires
the  identiﬁcation of each individual component’s peak,
Open access under CC BY-NC-ND license.reﬂects the speed with which the maximal neural response
is  generated. Finally, topography provides a way  of not only
deﬁning  a component (e.g., the P300b is maximal over pari-
etal  scalp, whereas the P300a is maximal over frontal scalp)
NC-ND license.
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but also inferring underlying neural generators. These
metrics have informed our current understanding of
normative developmental changes in sensation and per-
ception,  as well as our emerging conceptualizations of
developmental delay and disorder.
Several speciﬁc ERP components have become com-
monly used in the ﬁeld of infant studies, and many of these
components have now been explored by researchers in
the  ﬁeld developmental psychopathology in the interest
of  delineating how and when typical and atypical develop-
ment  diverge early in life. In recent years, there has been
a  growing desire to ﬁnd measures for very young children
that  are more sensitive to developmental difference than
behavioral assays. In large part, this is due to the growing
study of autism spectrum disorder (ASD), a developmental
disorder that leads to impaired communication and social
engagement, as well as a heightened presence of repeti-
tive  interests and behaviors. While ASD is thought to be
primarily heritable, diagnostic measures relying on behav-
ior  are not reliably sensitive and speciﬁc for infants and
toddlers in the ﬁrst year or 18 months of life (e.g., Lord
et  al., 2012). As a result, there is a desire to ‘bypass’ behav-
ior  in the early identiﬁcation of ASD; ERPs are candidate
measures of brain development and response to stimuli.
However, because children with ASD cannot predictably
be identiﬁed in the ﬁrst two years of life, the population
of interest is infant siblings of children with ASD. These
‘infant sibs’ are of great interest for two reasons: ﬁrst,
roughly 20% of these infants will themselves go on to be
diagnosed with ASD (Ozonoff et al., 2011a,b); and second,
those  who do not receive a formal diagnosis often exhibit
sub-clinical features similar to those observed in ASD, con-
ceptualized as the ‘broader endophenotype’ of ASD (Rogers,
2009;  Elsabbagh and Johnson, 2010). Consequently, these
high-risk  infants can reveal much about the neural under-
pinnings of ASD.
If  ERPs are to provide a useful window into whether
and when development has gone awry, it is essential to
understand the normative age progression of the neural
response, as well as what other kinds of factors might
affect the brain’s reaction to stimuli. The effect of age on
ERP  response has been widely explored, largely in infant
cross-sectional studies and in longitudinal investigations
of school-age children (e.g., Taylor et al., 2004; Itier and
Taylor,  2004) or very young infants (Webb et al., 2005).
Because of the centrality of social stimuli in infant devel-
opment, a number of studies have explored differential
responses to familiar social stimuli (generally the mother’s
face)  versus unfamiliar social stimuli (a stranger’s face).
Finally, because hemispheric lateralization is a critical nor-
mative  process associated with increased specialization
and efﬁciency of neural networks, topographic region (that
is,  right versus left hemisphere) is often explored as a
metric  of brain development. Though there are many ERP
components that have been studied in infant and toddler
development, four visual components consistently appear
in  investigations of young children and will be addressed
here: the P1, N290, P400 and Nc. A review of each follows,
with  a focus on the role of age, familiarity and hemisphere.
Finally, because one of the central questions for the cur-
rent  investigation is the degree to which these patterns ofe Neuroscience 8 (2014) 131–143
response  might vary in children at risk for ASD, a review
of  the current literature in children with ASD (or with a
family  history of the disorder) will be presented. For the
purposes of the current paper, we will focus our atten-
tion on variables that affect the amplitude of the neural
response.
1.1.  P1
The P1 is a positive-going deﬂection that is measured
over occipital regions approximately 90–150 ms  after a
visual  stimulus. It is predictably elicited by visual stimuli
in  general (as opposed to particular types of stimuli, like
faces)  and is therefore thought to reﬂect sensory experi-
ence rather than higher-order processing. In infants and
young  children, the P1 increases in amplitude with age
(Kos-Pietro et al., 1997). However, sometime between ages
2  and 4, this pattern reverses, and the amplitude of the P1
decreases with increasing age (Kuefner et al., 2010; Kos-
Pietro  et al., 1997; Hileman et al., 2011; Itier and Taylor,
2004), which may  reﬂect the natural developmental course
of  synaptic pruning. Despite these developmental changes,
the  P1 in infants does not appear to be sensitive to famil-
iarity of the stimulus (De Haan and Nelson, 1997, 1999).
Moreover, the P1 is generally observed bilaterally over pos-
terior  electrodes (Csibra et al., 2008; but see McCleery et al.,
2009).  Little research has explored whether very young
children with or at risk for ASD show differences in the P1,
but  school-aged children with ASD show typical patterns
of  reduced P1 amplitude with age (Hileman et al., 2011). In
sum,  then, the P1 is a bilateral response evoked by visual
stimuli (with minimal sensitivity to familiarity) that shows
a  non-linear pattern of growth with age and does not seem
to  be clearly affected in ASD.
1.2. N290/P400
The N290 and P400 are a pair of components that are
thought to be functionally and topographically similar.
Together, they are thought to be the infant precursor to
the  adult N170, a face-sensitive component (Scott et al.,
2006;  Csibra et al., 2008; De Haan et al., 2003). The N290
is  a negative amplitude shift observed in infants that has
repeatedly shown sensitivity to faces (Csibra et al., 2008;
De  Haan et al., 2003); however, age-related changes in the
amplitude of the N290 are unclear. Initial reports indicated
a  lack of familiarity modulation in the N290 (De Haan and
Nelson,  1997, 1999), but other studies have reported that
the  amplitude of the N290 is affected by familiarity of the
stimulus (Scott et al., 2006; Key and Stone, 2012). Despite
the  gradual right-ward shift of face-sensitive neural activ-
ity  captured by this cluster of components (De Haan et al.,
2003),  consistent hemispheric differences in the N290 have
not  been clearly documented in the literature (Luyster et al.,
2011;  McCleery et al., 2009; Webb et al., 2006). Previous
investigations have not found consistent differences in the
N290  in young children with or at risk for ASD. Across stud-
ies,  there do not appear to be straightforward effects of ASD
risk  on the amplitude of the N290 to faces (Key and Stone,
2012), though there may  be slight differences in the later-
alization of the component (Luyster et al., 2011; McCleery
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t al., 2009; Elsabbagh et al., 2009; Webb et al., 2006). To
ummarize, the N290 is a face-sensitive component with
ome  evidence of familiarity modulation; effects of age and
opography  have not been clearly established, and there are
o  consistent differences in the N290 associated with ASD
r  ASD risk.
The  P400 is a positive-going deﬂection that follows
he N290 and is recorded over roughly the same topo-
raphical location; it is also a face-sensitive component
De Haan et al., 2003; Csibra et al., 2008). In toddlers and
reschoolers, Carver and colleagues (2003) reported age-
elated  decreases in the amplitude of the P400 beginning
t  18 months. While for children preschool-aged and over,
he  P400 in response to human faces seems to reﬂect famil-
arity  (Carver et al., 2003; Dawson et al., 2002), the P400 in
ounger  children does not seem to be affected by familiar-
ty  (De Haan and Nelson, 1999; Carver et al., 2003; Scott
t  al., 2006; but see Key and Stone, 2012). Consistent with
bservations of the N170, the P400 is generally maximal
ver lateral electrodes (Csibra et al., 2008; De Haan et al.,
003),  particularly the right hemisphere (Moulson et al.,
009;  but see McCleery et al., 2009).
Studies of children with and at risk for ASD have showed
ome differences in the P400. In a sample of young children
ith  ASD, Dawson and colleagues (2002) reported that the
mplitude  of the P400 in the ASD sample did not show
ensitivity to familiarity of faces as it did in the typically
eveloping children; functional differences in the P400 in
esponse  to gaze have also been reported by Elsabbagh
t al. (2012). However, others (Luyster et al., 2011) have not
eported  meaningful signiﬁcant differences in the P400 for
nfants  at high-risk for ASD.
Altogether, then, the P400 is a face-sensitive component
hat may  diminish during the second year of life, shows
ight-ward laterality and (with age) increasing modulation
y  familiarity. In children with and at risk for ASD, the P400
eems  to be less sensitive to important aspects of faces,
ncluding familiarity.
.3.  Nc
The Nc is a gradual negative deﬂection recorded over
ronto-central regions roughly 400–850 ms  post-stimulus
nd is commonly thought to be associated with the oblig-
tory  recruitment of attention to a visual stimulus (Nelson
nd  Monk, 2001; De Haan et al., 2003; Richards, 2003;
sibra et al., 2008), though it is not face-speciﬁc. A num-
er  of developmental changes have been observed in the
c.  With regards to overall magnitude of the Nc, Webb and
olleagues  (2005) reported that the amplitude of the Nc
ecomes increasingly negative (that is, larger) in ﬁrst year
f  life but may  decline after 18–24 months. Other develop-
ental changes have been noted in the effect of familiarity
n  the Nc. Whereas young infants – around 6 months of age
 show a more negative Nc in response to a familiar stimu-
us  (their mother’s face) (De Haan and Nelson, 1997, 1999;
ut  see Swingler et al., 2007), older children show a larger
esponse to an unfamiliar stimulus. The age of this transi-
ion  is largely unclear; though some studies have reported
hat  the larger unfamiliar response is observed by 1 year of
ge  (Webb et al., 2005; Burden et al., 2007; Luyster et al.,e Neuroscience 8 (2014) 131–143 133
2011;  Key and Stone, 2012), others place the transition at
18  months (Webb et al., 2011), by 2.5 years (Moulson et al.,
2009)  or even closer to 3.5 or 4 years (Carver et al., 2003;
Dawson et al., 2002). The majority of studies have high-
lighted the role of the right hemisphere in the Nc, both in
terms  of maximal amplitude (Dawson et al., 2002; Webb
et  al., 2011) and in terms of greatest differential response
(De Haan and Nelson, 1999; Carver et al., 2003). Overall,
this right-lateralized pattern is consistent with the right
hemisphere’s role in face processing (see De Haan et al.,
2003  for a discussion).
The  Nc has been studied in young children with and
at  risk for ASD. Dawson and colleagues (2002) found that
young  children with ASD failed to show a differential Nc
response to familiar vs. unfamiliar faces. This result was
partially conﬁrmed by Webb et al. (2011), who reported
that young children with ASD did show a differential Nc to
familiar  and unfamiliar faces but that the emergence of this
pattern  was delayed relative to the typically developing
children. Both studies found evidence for right-ward lat-
eralization of the Nc in young children with ASD (Dawson
et  al., 2002; Webb et al., 2011). Two additional studies
have explored the Nc in infants at risk for ASD with some
revealing results. McCleery and colleagues (2009) reported
diminished overall amplitude of the Nc in 10 month old
infants  at high-risk for ASD relative to low-risk infants,
while Luyster et al. (2011) reported that 12 month old
infants in the high-risk showed a less robust differen-
tial response to familiar and unfamiliar faces than did the
infants  in the low-risk group. In contrast, Key and Stone
(2012) found no signiﬁcant group effects on Nc ampli-
tude, nor did they ﬁnd a group effect on the differential
Nc response across familiar and unfamiliar conditions in 9
month  olds, with both low- and high-risk infants showing
familiarity modulation.
To  summarize, the Nc is a marker of obligatory attention
to a visual stimulus that shows non-linear growth with age
and  increasing right-lateralization. Although the Nc is sen-
sitive  to familiarity in typically developing children, this
effect  may  be diminished in children with and at risk for
ASD.
Despite  the relatively large number of investigations
using infant ERPs, few have taken a systematic approach
to  studying how these components change in normative
development over the ﬁrst few years of life. Because of the
growing  desire to use ERPs as a benchmark for quantifying
“normal” or “atypical” development, reference points for
typical  developmental patterns and changes are required.
Therefore, the present investigation aims to address two
broad  goals. First, four commonly studied infant ERP com-
ponents  – the P1, N290, P400 and Nc – are described in
a  large sample of children 6–36 months of age. Across all
analyses, mean ERP amplitude is included as the dependent
variable of interest. In addition to addressing the effect of
age  on mean amplitude, the effects of stimulus familiarity
and topographical region (i.e., right versus left hemisphere)
on mean amplitude are also explored. Second, samples
of  infants at both low- and high-risk for ASD have been
included to illuminate how these groups may  differ in
age-related changes, sensitivity to stimuli familiarity or
hemispheric specialization.
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Table 1
Sample information.
6 9 12 18 24 36
Posterior components (P1, N290, P400)
LRC
Number (male) 29 (14) 36 (20) 30 (12) 22 (15) 24 (15) 21 (10)
Mean age in days 193.55 281.44 371.37 557.59 740.38 1120.43
Age range 170–223 269–313 359–390 538–575 726–759 1092–1210
Mean # trials 33.34 35.78 34.23 33.04 40.71 41.29
HRA
Number (male) 23 (9) 30 (12) 30 (13) 20 (12) 17 (6) 16 (8)
Mean age in days 193.52 278.77 371.80 559.00 736.53 1113.88
Age range 177–214 264–299 353–413 538–583 703–755 1092–1141
Mean # trials 34.13 35.33 39.90 37.80 37.52 41.50
Frontocentral component (Nc)
LRC
Number (male) 22 (10) 30 (16) 32 (12) 21 (14) 21 (13) 17 (8)
Mean age in days 192.32 280.73 371.91 558.29 740.43 1117.47
Age range 170–223 269–301 359–390 538–575 726–759 1092–1163
Mean # trials 31.82 35.30 34.72 34.76 43.00 45.41
HRA
Number (male) 20 (9) 30 (12) 29 (13) 17 (12) 16 (6) 18 (13)
Mean age in days 191.25 278.30 373.41 557.41 736.69 1112.50
Age range 177–210 267–299 359–413 538–583 703–753 1092–1141
Mean # trials 35.65 33.93 41.24 38.59 38.25 42.78
ber tri
LRC, low risk controls; HRA, high risk for ASD.
Note: No signiﬁcant group differences in number male, age in days or num
2. Methods
2.1. Participants
Participants were infants enrolled in an IRB-approved
collaborative longitudinal study conducted at Boston
Children’s Hospital/Harvard Medical School and Boston
University. Families were excluded from the study based
on  child gestational age of less than 36 weeks, time spent
in  neonatal intensive care, maternal steroid use during
pregnancy, maternal diabetes or family history of genetic
disorders. Infants were enrolled in one of two groups:
low-risk control (LRC, which included infants with no fam-
ily  history of ASD) and high-risk for ASD (HRA, which
included infants with an older sibling formally diagnosed
with ASD). Informed consent was obtained at the time of
the  visit. Additional study information is provided else-
where  (Luyster et al., 2011).
Analyses for posterior components (P1, N290 and P400)
and  the frontocentral (Nc) component included slightly dif-
ferent  sets of participants in the interest of maximizing
useable data. One hundred and thirty one participants (70
LRC  and 61 HRA) were included in the analyses for poste-
rior  components; 129 children were included in analyses
for  the Nc (67 LRC and 62 HRA). As part of their participation
in this study, children were seen at multiple time points
between enrollment and 36 months of age. The present
analyses included data from the following target visits: 6
months,  9 months, 12 months, 18 months, 24 months and
36  months. See Table 1 for details. All useable data were
used;  consequently, most children contributed multiple
data  points to the current analyses.
In the interest of characterizing the behavioral features
of  these samples, cognitive (Mullen Scales of Early Learning,
Mullen, 1995) and ASD symptom scores (Autism Diagnosticals were found at any age.
Observation Schedule, Lord et al., 2000) from the 24 month
visit  are summarized in Table 2.
Note that using follow-up data from 24 and/or 36
months of age, a subset of children (all but one of whom
were in the HRA group) met  Autism Diagnostic Observation
Schedule (Lord et al., 2000) algorithm criteria for autism or
ASD  and had this classiﬁcation conﬁrmed using best esti-
mate  clinical judgment. For the posterior component data
(P1,  N290 and P400), this subset included 9 children; for the
frontocentral (Nc) component data, this subset included
12  children. Final models reported below have been run
both  with and without these subsets of positive outcome
children; their exclusion does not change the pattern of sig-
niﬁcance  in any of the results and therefore, they remain
included in the analyses reported in Section 3.
2.2. ERP stimuli
Building on a substantial corpus of work initiated by
De  Haan and Nelson (1997) and exploring the role of face
familiarity in infant ERP, stimuli included color pictures of a
primary  caregiver (for all infants reported here, it was their
mother)  and same-sex stranger. Models were instructed to
adopt  a neutral expression and were positioned in front of
a  gray screen. Their neck and shoulders were draped with
gray  cloth. For each infant, an unfamiliar face was chosen
that  was  similar to the familiar one in ethnicity; images
of  mothers wearing glasses were paired with images of
unfamiliar women  wearing glasses. Images were cropped
as  needed to standardize face and image size.2.3. ERP recording and data processing
All ERP recording was completed in an electrically-
and sound-shielded testing room with low lighting.
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Table 2
Means (SD) from 24 month behavioral testing.
Posterior components Frontocentral component
LRC HRA LRC HRA
Mullen early learning composite 112.00 (14.94) 106.82 (14.06) 111.41 (15.15) 105.98 (14.49)
ADOS  Module 1 communication 1.15 (0.93) 1.49 (1.45) 1.15 (0.95) 1.49 (1.42)
ADOS  Module 1 social interaction 1.27 (1.48) 2.18 (2.77) 1.23* (1.48) 2.32* (2.86)
ADOS  Module 1 communication + social 2.41 (1.95) 3.67 (3.98) 2.38* (1.96) 3.80* (3.97)
ADOS Module 1 play 1.73 (0.74) 1.62  (0.99) 1.73  (0.75) 1.61  (1.02)
ADOS  Module 1 stereotyped behavior 0.95** (0.92) 1.87** (1.38) 0.95** (0.93) 1.85** (1.39)
ADOS  Module 2 communication 2.06 (1.26) 2.00 (2.00) 2.19 (1.17) 2.00 (2.00)
ADOS  Module 2 social interaction 1.33 (1.78) 2.38 (2.56) 1.06 (1.12) 2.38 (2.56)
ADOS  Module 2 communication + social 3.39 (2.30) 4.38 (4.27) 3.25 (1.52) 4.38 (4.27)
ADOS  Module 2 imagination 0.94 (0.64) 0.88 (0.64) 1.00 (0.63) 0.88 (0.64)
ADOS  Module 2 stereotyped behavior 1.06 (1.16) 1.63 (1.69) 1.06 (1.18) 1.63 (1.68)
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* p < 0.05.
** p < 0.01.
articipants were seated on their caregiver’s lap, approx-
mately 65 cm from the experimental monitor. Recording
as completed as children viewed the stimuli; images were
resented  for 500 ms  and in random order, maintaining a
0:50  ratio. An examiner observed the participant from
nother room, surveying the child’s eye movements and
ttentiveness through a hidden video camera mounted on
op  of the experimental monitor. Stimulus presentation
as managed via ePrime software (Psychology Software
ools, Pittsburgh, PA) and was initiated only when the child
as  attending to the screen. Trials during which the child’s
ttention strayed from the visual stimulus were removed
rom further analysis. A maximum of 100 trials were
resented. Continuous electroencephalogram (EEG) was
ecorded  using a Geodesic Sensor Net (Electrical Geodesics
nc.,  Eugene, OR) with either 64 or 128 electrodes based
n  the child’s head circumference and date of session
due to an equipment upgrade1), and referenced on-line
o  a single vertex electrode (Cz). The electrical signal was
mpliﬁed with a NetAmps 200 or NetAmps 300 ampliﬁer
Electrical Geodesics Inc., Eugene, OR; due to an equip-
ent upgrade2) with a 0.1–100 band-pass, digitized to
50  Hz, and stored on a computer disk. The data were ana-
yzed  ofﬂine by using NetStation 4.4.1 analysis software
Electrical Geodesics Inc., Eugene, OR). The continuous EEG
ignal  was segmented to 1000 ms  post-stimulus recording
eriods, with a baseline period beginning 100 ms  before
timulus presentation.
The  segments were then digitally ﬁltered by using a
0  Hz low-pass elliptical ﬁlter (preceded by a 0.1 Hz ﬁrst
rder  high-pass ﬁlter for the NetAmps 300 data only) and
aseline-corrected against the mean voltage during the
00  ms  pre-stimulus period. After excluding segments with
ye  movements and blinks, the remaining segments were
isually  scanned by an experimenter blind to study group.
ad  channels and other artifacts (e.g., off-scale activity,
1 Preliminary analyses explored the effect of net and ampliﬁer type;
esults were similar with and without the inclusion of net and ampliﬁer
ariables. All results reported here collapse across 64- and 128-channel
nd NetAmps 200 and NetAmps 300 data.
2 See footnote 1.ning; ADOS, Autism Diagnostic Observation Schedule.
eye movement, body movements, or high-frequency noise)
were  identiﬁed. If more than 10% of the channels were
marked as bad, the whole segment was  excluded from
further analysis. Finally, average waveforms for each indi-
vidual  participant within each experimental condition
were generated and re-referenced to the average reference.
Participants with fewer than 10 good trials per condition
were excluded from further analysis.
2.4. ERP statistical analysis
Statistical  analysis of the ERP data addressed four com-
ponents: P1, N290, P400 and Nc. Time windows were
selected based on visual inspection of data from all ages
and  across both study groups and were deﬁned as fol-
lows:  P1 (100–225 ms  post-stimulus), N290 (115–300 ms
post-stimulus), P400 (270–570 ms  post-stimulus), and Nc
(390–605  ms  post-stimulus). Mean amplitude within the
selected  time windows were used for all analyses as a con-
servative  measure of the ERP waveform; peak amplitudes
and latencies – which are most appropriate when precise
peaks can be identiﬁed for each individual’s set of compo-
nents  – were not feasible for use in this large dataset.
Six posterior electrodes were selected for the P1, ten
occipito-temporal electrodes were chosen for the N290
and  P400, and ten frontal electrodes were identiﬁed for
the  Nc; these electrodes were selected within equivalent
scalp locations across the 64- and 128-channel sensor nets.
Regions  of interest were chosen based on prior studies in
this  laboratory addressing face processing in infants and
are  shown in Fig. 1.
2.5.  Analytic approach
A  generalized estimating equations (GEE) approach
with a normal distribution was  used to test if the mean
amplitude differed by the main predictors [group (LRC
vs.  HRA), age (measured continuously), gender (male vs.
female;  note: no signiﬁcant ﬁndings were found in any
model  and so this variable is not discussed further in
the  Results section) condition (familiar/mother vs. unfa-
miliar/stranger), scalp region (left hemisphere vs. right
hemisphere)] and their interactions. Analyses were run
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- and 12Fig. 1. Electrode groupings for 64
separately for the four components of interest (P1, N290,
P400  and Nc) and all models adjusted for group. A system-
atic  approach was used to test for each of the main effect
and  their interactions on the outcome. Results by each of
the  components include the signiﬁcant main effects pre-
sented  along with the associated test statistic and p-value
from  the ﬁxed effects. p-Values <0.05 were considered sta-
tistically  signiﬁcant. No adjustments have been made for
multiple  testing because the purpose of this research was
hypothesis-generating. Thus, it was more informative to
focus  on the strength of the relationship using the estimates
from  the GEE models compared to a p-value level. Figures
have  also been included to display the strength between
the outcome and predictors over time. SAS (version 9.13)
was  used to perform all analyses. A set of representative
waveforms capturing group and condition variation at 6,
12  and 24 months are included in Figs. 2 through 4, respec-
tively.
3.  Results
3.1. P1
The ﬁnal model for the P1 indicated that age was  the
sole  signiﬁcant predictor of P1 amplitude, adjusted for
group  (2 = 33.88, p < 0.0001). Parameter estimates indi-
cated  that as child age increases by one year, mean
amplitude increased by 2.78 V. Although mean ampli-
tude did not signiﬁcantly vary by group and age (2 = 4.31,8-channel Geodesic Sensor Nets.
p  = 0.51), there was  a wider difference between groups in
the  mean amplitude at later ages than at earlier ones (as
shown  in Fig. 5).
3.2.  N290
For the N290, as seen with P1, there was  a main effect
of  age (adjusting for group; 2 = 16.03, p < 0.001). Although
there was no signiﬁcant interaction of age and group, there
was  a larger difference of mean amplitude for LRC versus
HRA  children at 24 and 36 months of age than at ear-
lier  ages. There was also evidence of a group by condition
interaction, suggesting that LRC children had a larger dif-
ference  in mean amplitude when comparing mother versus
stranger, whereas HRA children showed little differences in
mean  amplitude between conditions (2 = 6.42, p = 0.01).
However,  when all of these variables – age, condi-
tion, and a group by condition interaction term – were
included in the ﬁnal model, only the main effect of age
(2 = 16.79, p < 0.001) was signiﬁcant; marginal signiﬁ-
cance remained for condition (2 = 3.42, p = 0.06) and the
group  by condition interaction term (2 = 3.18, p = 0.07).
Parameter estimates indicated that, with each additional
year, the mean amplitude of the N290 became less negative
by  1.25 V (see Fig. 6).The marginal main effect of condition indicated that
overall, the mean amplitude of the N290 in response
to strangers’ faces was  slightly more negative than the
response to mothers’ faces. This was qualiﬁed by a marginal
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aveform.  However, in analyses, the P1 and N290/P400 were drawn from
roup by condition interaction, suggesting that a differen-
ial  response to mothers’ and strangers’ faces was observed
n  the LRC group but not in the HRA group. That is, whereas
he  LRC group had (on average) a response that was  1 V
ore  negative in the stranger condition (2.56) than in the
other  condition (3.59), this was not observed in the HRA
roup  (stranger: 2.48; mother: 2.50). See Fig. 7.
.3. P400
The ﬁnal model for P400 mean amplitude included
 main effect of age (2 = 23.98, p < 0.001), as well as a
igniﬁcant quadratic term for age (2 = 18.21, p < 0.0001)
ndicating non-linear growth with age adjusted for group.
n  addition to age, region was also found to be a signiﬁcant
redictor of P400 mean amplitude (2 = 13.69, p = 0.0002),
uch  that responses measured over the right hemisphere
ere 1.13 V larger than those measured over the left.
ualitative review of the two groups’ development over
ime  indicates a widening of group differences in mean
400  amplitude at 18 and 24 months of age, although the
ge  by group interaction term did not achieve statistical
igniﬁcance (see Fig. 8).s 500 ms.  For simplicity, all posterior components are shown in a single
y different electrode groupings.
3.4. Nc
The ﬁnal model predicting mean Nc amplitude indi-
cated a main effect of age (2 = 6.95, p = 0.008), a signiﬁcant
quadratic term for age (2 = 14.62, p = 0.0001), and a main
effect of scalp region (2 = 6.74, p = 0.009). Parameter esti-
mates  indicated that the mean amplitude recorded over the
right  hemisphere was  more negative than that recorded
over the left (by 1.17 V) adjusted for age and group.
During model-building, marginal group by age interac-
tion  (2 = 3.67, p = 0.06) and group by condition (2 = 3.42,
p  = 0.06) interaction terms were found; these terms were
not  retained in the ﬁnal model but will be elaborated
below for descriptive purposes. Within-age analyses col-
lapsing  across condition indicated a group difference in
mean  amplitude at 24 months only; groups were not dif-
ferent  at any other age. In addition, qualitative review of
the  plots illustrating mean amplitude over time (see Fig. 9)
reveals  that the LRC and HRA show maximal Nc amplitudes
at  different ages (at the 24 month visit for the LRC group
and  at the 12 month visit for the HRA group).The group by condition interaction seemed to be
driven by the greater negativity overall for mothers’ faces
(−8.53  V, averaged across ages) than strangers’ faces
(−7.53 V) observed in the LRC group; this consistently
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 slightlFig. 3. P1/N290/P400 (top) and Nc (bottom) at 12 months. Stimulus dura
waveform.  However, in analyses, the P1 and N290/P400 were drawn from
differential response was not observed in the HRA group
(mothers’ faces: −7.18 V; strangers’ faces: −7.58 V). See
Fig.  10.
4.  Discussion
Four ERP components were explored in the present
investigation – P1, N290, P400 and Nc – across six ages
and in infants at low- or high-risk for ASD. Analyses
revealed age-related changes in each component, as well
as  some component-speciﬁc results. Each component will
be  reviewed in turn.
Results  for the P1 indicate that between 6 and 36
months of age, the mean amplitude of the P1 increases
at a rate of nearly 3 V per year. These results are consis-
tent with previous ﬁndings illustrating amplitude increases
early  in life (Kos-Pietro et al., 1997). In addition, they shed
new  light on previous reports of amplitude decreases in
early  childhood (e.g., Kuefner et al., 2010; Hileman et al.,
2011),  suggesting that the transition point from increas-
ing  P1 amplitudes to decreasing P1 amplitudes may  be
localized around age 3. As reported in previous investi-
gations, the P1 in infants and toddlers observed here wass 500 ms.  For simplicity, all posterior components are shown in a single
y different electrode groupings.
not  modulated by familiarity (De Haan and Nelson, 1997,
1999),  nor was  it lateralized to the right or left hemisphere
at any age (Csibra et al., 2008). The infants at high-risk for
ASD  did not show any signiﬁcant differences in their P1
when  compared to the low-risk infants.
In contrast to the P1, the N290 showed signiﬁcant
decreases in average amplitude with age, at a rate of 1.25 V
per  year. This ﬁnding adds to existing literature on devel-
opmental changes of the N290, which have previously
indicated that the latency of the N290 decreases with age
(Halit  et al., 2003). This observed reduction in the ampli-
tude  of the N290 may be related to the gradual shift of
this  component into the adult N170; if, over the course of
development, the N290 is morphing into the N170 (a com-
ponent  with an earlier-peak; note that this shift is thought
to  be in place by 4 years of age, see Kuefner et al., 2010),
then these components would be maximally captured by
slightly  different time windows. These exploratory analy-
ses  provide some evidence for the sensitivity of the N290
to  familiarity, though unlike in previous research, infants
in  the current sample showed larger negativities to unfa-
miliar  than familiar faces (Scott et al., 2006; Key and Stone,
2012).  No hemispheric differences were found in the N290.
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aveform.  However, in analyses, the P1 and N290/P400 were drawn from
n addition, the groups at high- and low-risk for ASD did not
how  signiﬁcant differences in their N290, suggesting that
his  component is not markedly altered in children at risk
or  ASD.
Our ﬁndings for the P400 revealed a pattern of non-
inear age related change, with steadily increasing mean
mplitudes between 6 and 24 months and decreasing
mplitudes between 24 and 36 months of age. This result
rovides useful age-related expectations for developmen-
al change in infants and is generally consistent with
revious research in toddlers reporting decreasing P400
mplitudes after 18 months of age (Carver et al., 2003). In
ddition,  we did not ﬁnd evidence for familiarity modula-
ion  of the P400 in these young children. Although some
tudies have reported sensitivity to familiar faces in the
400  for children under 3 years of age (Carver et al., 2003;
ey  and Stone, 2012), others have not (De Haan and Nelson,
999;  Carver et al., 2003; Scott et al., 2006), suggesting
hat this modulation of the P400 is tenuous in young chil-
ren.  As in previous studies, our results pointed to thes  500 ms.  For simplicity, all posterior components are shown in a single
y different electrode groupings.
role  of the right posterior hemisphere in P400 responses
(e.g., Moulson et al., 2009; Scott et al., 2006), a ﬁnding
that is consistent with the predominance of right hemi-
sphere function in face processing (De Haan et al., 2003).
With  regards to study group, no signiﬁcant main effect or
interactions were found, suggesting that there are no clear
associations of the P400 with ASD risk.
Like the P400, the average amplitude of the Nc showed
a  non-linear pattern of age-related change, with increasing
negativity in the ﬁrst year of life and a shift to decreasing
negativity in the second year of life. These results align with
and  extend previous ﬁndings (Webb et al., 2005) about
changes in the Nc during infancy and toddlerhood. How-
ever,  in contrast to previous ﬁndings (e.g., De Haan and
Nelson, 1997, 1999; Webb et al., 2005), we did not ﬁnd a
robust  familiarity effect on the amplitude of the Nc. Our
result  adds to the varied developmental ﬁndings on the
familiarity modulation of the Nc; whereas some reports
have indicated greater unfamiliar responses by early as
12  months of age (Webb et al., 2005; Burden et al., 2007;
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line  with other studies on this component (Dawson et al.,Fig. 5. Mean amplitude of the P1 by study group.
Luyster et al., 2011; Key and Stone, 2012), others have
suggested that a greater response to familiar stimuli per-
sists  until after the 3rd birthday (Carver et al., 2003). The
reason  for a less marked differential response to familiar
and  unfamiliar stimuli in the present sample is unclear,
but one possible explanation for these results is that the
faces  selected for use were not sufﬁciently different from
Fig. 7. Mean amplitude of the N290, bFig. 6. Mean amplitude of the N290 by study group.
one another to elicit a differential response across all age
ranges  (De Haan and Nelson, 1997). Finally, our ﬁndings
about the right-hemisphere-lateralization of the Nc are in2002;  Webb et al., 2011; De Haan and Nelson, 1999; Carver
et  al., 2003). There was  no signiﬁcant main effect of group
on  the amplitude of the Nc, nor were there any signiﬁcant
y study group and condition.
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nteractions, again revealing that ASD risk is not associated
ith pronounced differences in the neural response.
In sum, we have found evidence for differential patternsf  age-related change in the amplitude of four commonly
tudied infant ERP components. In infants at low-risk for
eveloping ASD, between 6 and 36 months of age, the
mplitude of the P1 increases, the amplitude of the N290
Fig. 10. Mean amplitude for the Nc, bFig. 9. Mean amplitude of the Nc by study group.
decreases, the P400 and Nc both show amplitude increases
until  24 months, followed by decreases between 24 and 36
months.  Finally, the P400 and Nc were both maximal overy study group and condition.
the  right hemisphere.
For  infants at high-risk for ASD, the age-related pat-
terns were similar to those observed in the low-risk group.
There  were no signiﬁcant group differences or interactions,
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suggesting that the neural response to social stimuli in
infants  at high-risk for ASD is generally indistinguishable
from that of their low-risk peers in the ﬁrst few years of
life,  even when considering potential differences in sensi-
tivity  to familiarity and scalp topography. This observation
produces a cautionary note for researchers hoping that
the  application of ERP to developmental psychopathology
might identify markers of atypicality that could precede
observable symptoms. The symptoms of ASD do not pre-
dictably  emerge until after the ﬁrst birthday (see Yirmiya
and  Charman, 2010 for a review); the hope is that the use
of  ERPs may  reveal consistent markers in the ﬁrst year of
life.  These results suggest that, at least when using a global
measure of ERP response (e.g., mean amplitude) and a sim-
ple  visual task, there are no markers signiﬁcantly associated
with  ASD risk at any age in the current analyses.
There are some limitations to the present investigation
that should be considered when interpreting the reported
results and identifying potential follow-up directions. Only
one  metric of the ERP waveform was used here (mean
amplitude); peak amplitude, peak-to-peak analyses and
latency  measures were not included. In addition, study
groups were deﬁned on the basis of family history only.
Although all results were conﬁrmed both with the inclusion
and  exclusion of a small subset of children with ‘positive
outcomes’ at 24 or 36 months, we did not directly analyze
any  measure of behavioral development or ASD outcome,
and  we hope to do so as this longitudinal study progresses.
Moreover, our results indicated an absence of ERP differ-
ences  associated with ASD risk at a group level, but there
remains the possibility that with sufﬁcient numbers of
children  with an ASD diagnosis by age 2 or 3, meaningful
differences in infant ERP responses could be revealed. That
is,  though we have not found clear markers of a broader
ASD endophenotype, future research may  reveal signatures
that  are speciﬁc to children who end up on the autism
spectrum. Finally, though the marginal results and qual-
itative  review of our data presented here fail to provide
substantive evidence of group differences in the ﬁrst years
of  life, we believe that they do point to the potential value
of  studying infants at high risk for ASD over the course of
early  development, rather than focusing solely on one age.
Altogether, the present investigation offers a useful set
of  ﬁndings addressing age-related changes in four com-
monly  studied infant ERP components. These individual
components follow different patterns of development over
the  course of the ﬁrst three years of life; they also show
varying modulation by familiarity of social stimuli and pro-
ﬁles  of hemispheric differences. Results from the infants
at  high risk for ASD suggest that there are limited points
of  marked divergence from typical development in these
commonly studied ERP components. We  consider this large
study  of low- and high-risk infants to be a valuable refer-
ence  point for developmental researchers studying both
typical  and vulnerable development in infants and tod-
dlers.Conﬂicts of interest statement
There are no conﬂicts of interest to report.e Neuroscience 8 (2014) 131–143
Acknowledgements
We would like to thank the Infant Sibling Project staff,
past and present, for their hard work in collecting these
data.  We  are very grateful for the assistance of Brandon
Keehn, Alexandra Libby and Ella Kipervasser with data
processing, and we thank Vanessa Vogel-Farley for her
constant guidance. Finally, we want to acknowledge the
very  dedicated families who  committed years of their lives
to  the Infant Sibling Project and who made this work
possible. Funding was provided by NIH (R21DC08637) to
H.T-F.,  NIDCD (1R01DC010290-01) to C.A.N. and H.T-F.,
the  Simons Foundation (137186) to C.A.N. and the Autism
Speaks Pilot Grants Program to H.T-F.
References
Burden, M.J., Westerlund, A.J., Armony-Sivan, R., Nelson, C., Jacobson, S.W.,
Lozoff, B., Angelilli, M.L., et al., 2007. An event-related potential study
of attention and recognition memory in infants with iron-deﬁciency
anemia. Pediatrics 120 (2), e336–e345.
Carver, L.J., Dawson, G., Panagiotides, H., Meltzoff, A.N., McPartland, J.,
Gray, J., Munson, J., 2003. Age-related differences in neural correlates
of face recognition during the toddler and preschool years. Develop-
mental Psychobiology 42 (2), 148–159.
Csibra, G., Kushnerenko, E., Grossmann, T., 2008. Electrophysiological
methods in studying infant cognitive development. In: Nelson, C.A.,
Luciana, M.  (Eds.), Handbook of Developmental Cognitive Neuro-
science. , second ed. MIT Press, Cambridge, MA,  pp. 247–262.
Dawson,  G., Carver, L., Meltzoff, A.N., Panagiotides, H., McPartland, J.,
Webb, S.J., 2002. Neural correlates of face and object recognition in
young children with autism spectrum disorder, developmental delay,
and typical development. Child Development 73 (3), 700–717.
De  Haan, M., Nelson, C.A., 1997. Recognition of the mother’s face by six-
month-old infants: a neurobehavioral study. Child Development 68
(2),  187–210.
De  Haan, M., Nelson, C.A., 1999. Brain activity differentiates face and object
processing in 6-month-old infants. Developmental Psychology 35 (4),
1113–1121.
De  Haan, M., Johnson, M.H., Halit, H., 2003. Development of face-sensitive
event-related potentials during infancy: a review. International Jour-
nal of Psychophysiology 51 (1), 45–58.
Elsabbagh, M.,  Johnson, M.H., 2010. Getting answers from babies about
autism. Trends in Cognitive Science 14 (2), 81–87.
Elsabbagh, M., Volein, A., Csibra, G., Holmboe, K., Garwood, H.,  Tucker,
L., Krljes, S., et al., 2009. Neural correlates of eye gaze processing in
the infant broader autism phenotype. Biological Psychiatry 65 (1),
31–38.
Elsabbagh, M.,  Mercure, E., Hudry, K., Chandler, S., Pasco, G., Charman,
T., Pickles, A., et al., 2012. Infant neural sensitivity to dynamic eye
gaze is associated with later emerging autism. Current Biology 22 (4),
338–342.
Halit, H., De Haan, M.,  Johnson, M.H., 2003. Cortical specialisation for face
processing: face-sensitive event-related potential components in 3-
and  12-month-old infants. Neuroimage 19 (3), 1180–1193.
Hileman, C.M., Henderson, H., Mundy, P., Newell, L., Jaime, M.,  2011.
Developmental and individual differences on the P1 and N170 ERP
components in children with and without autism. Developmental
Neuropsychology 36 (2), 214–236.
Itier, R.J., Taylor, M.J., 2004. Face recognition memory and conﬁgural
processing: a developmental ERP study using upright, inverted, and
contrast-reversed faces. Journal of Cognitive Neuroscience 16 (3),
487–502.
Key, A.P.F., Stone, W.L., 2012. Processing of novel and familiar faces in
infants at average and high risk for autism. Developmental Cognitive
Neuroscience 2 (2), 244–255.
Kos-Pietro,  S., Towle, V., Cakmur, R., Spire, J.-P., 1997. Maturation of human
visual evoked potentials: 27 weeks conceptional age to 2 years. Neu-
ropediatrics 28 (6), 318–323.
Kuefner,  D., De Heering, A., Jacques, C., Palmero-Soler, E., Rossion, B., 2010.
Early visually evoked electrophysiological responses over the human
brain (P1, N170) show stable patterns of face-sensitivity from 4 years
to adulthood. Frontiers in Human Neuroscience 3 (January), 1–22.
Cognitiv
L
L
L
M
M
M
N
O
O
1868–1886.R.J. Luyster et al. / Developmental 
ord, C., Risi, S., Lambrecht, L., Cook, E.H.J., Leventhal, B.L., DiLavore, P.,
et  al., 2000. The Autism Diagnostic Observation Schedule-Generic:
a standard measure of social and communication deﬁcits associated
with the spectrum of autism. Journal of Autism and Developmental
Disorders 30 (3), 205–223.
ord,  C., Rutter, M.,  DiLavore, P., Risi, S., Gotham, K., Bishop, S., 2012. Autism
Diagnostic Observation Schedule, second ed. Western Psychological
Services, Torrance, CA.
uyster, R.J., Wagner, J.B., Vogel-Farley, V., Tager-Flusberg, H., Nelson, C.,
2011.  Neural correlates of familiar and unfamiliar face processing in
infants at risk for autism spectrum disorders. Brain Topography 24
(3–4), 220–228.
cCleery, J., Akshoomoff, N., Dobkins, K., Carver, L.J., 2009. Atypical face
versus object processing and hemispheric asymmetries in 10-month-
old infants at risk for autism. Biological Psychiatry 66 (10), 950–957.
oulson, M.C., Westerlund, A., Fox, N.A., Zeanah, C.H., Nelson, C.A., 2009.
The effects of early experience on face recognition: an event-related
potential study of institutionalized children in Romania. Child Devel-
opment 80 (4), 1039–1056.
ullen,  E., 1995. Mullen Scales of Early Learning. American Guidance
Service, Inc., Circle Pines, MN.
elson, C.A., Monk, C., 2001. The use of event-related potentials in the
study of cognitive development. In: Nelson, C.A., Luciana, M.  (Eds.),
Handbook of Developmental Cognitive Neuroscience. MIT  Press,
Cambridge, MA, pp. 125–136.
zonoff, S., Iosif, A.-M., Young, G.S., Hepburn, S., Thompson, M., Colombi,
C., Cook, I.C., et al., 2011a. Onset patterns in autism: correspondence
between home video and parent report. Journal of the American
Academy of Child & Adolescent Psychiatry 50 (8), 796–806.e1.
zonoff,  S., Young, G.S., Carter, A., Messinger, D., Yirmiya, N.,
Zwaigenbaum, L., Bryson, S., et al., 2011b. Recurrence risk
for autism spectrum disorders: a baby siblings researche Neuroscience 8 (2014) 131–143 143
consortium study. Pediatrics 128 (September (3)), e488–e495,
http://dx.doi.org/10.1542/peds.2010-2825.
Richards,  J.E., 2003. Attention affects the recognition of brieﬂy presented
visual stimuli in infants: an ERP study. Developmental Science 6 (3),
312–328.
Rogers, S.J., 2009. What are infant siblings teaching us about autism in
infancy? Autism Research 2 (3), 125–137.
Scott, L.S., Shannon, R.W., Nelson, C., 2006. Neural correlates of human
and monkey face processing in 9-month-old infants. Infancy 10 (2),
171–186.
Swingler, M.M., Sweet, M.,  Carver, L.J., 2007. Relations between mother-
child interactions and the neural correlates of face processing in 6-
month-olds. Infancy 11 (1), 63–86.
Taylor, M.J., Batty, M.,  Itier, R.J., 2004. The faces of development: a review
of early face processing over childhood. Journal of Cognitive Neuro-
science 16 (8), 1426–1442.
Webb,  S.J., Long, J.D., Nelson, C.A., 2005. A longitudinal investigation of
visual event-related potentials in the ﬁrst year of life. Developmental
Science 8 (6), 605–616.
Webb,  S.J., Dawson, G., Bernier, R., Panagiotides, H., 2006. ERP evidence
of atypical face processing in young children with autism. Journal of
Autism and Developmental Disorders 36 (7), 881–890.
Webb, S.J., Jones, E.J.H., Merkle, K., Venema, K., Greenson, J., Murias, M.,
Dawson, G., 2011. Developmental change in the ERP responses
to familiar faces in toddlers with autism spectrum disor-
ders versus typical development. Child Development 82 (6),Yirmiya, N., Charman, T., 2010. The prodrome of autism: early behavioral
and biological signs, regression, peri- and post-natal development
and genetics. Journal of Child Psychology and Psychiatry and Allied
Disciplines 51 (4), 432–458.
